The presence of highly siderophile elements (Ru, Rh, Pd, Re, Os, Ir, Pt, and Au) in the mantle has been a long standing enigma in the Earth sciences. Highly siderophile elements exhibit extremely low silicate/ metal partition coefficients and so should have partitioned into the core, leaving the mantle depleted and fractionated compared with precursor material. Late accretion of undifferentiated material after completion of core formation may have overprinted the residue inherited from metal-silicate equilibrium partitioning. Here, we present a model based on the osmium isotopic composition of the mantle that sheds new light on the distribution of highly siderophile elements in Earth. As the Earth grew from the accretion of chondritic material of unspecified nature, gravitational and radioactive heating permitted early segregation of metal from silicate. This resulted in fractionation of highly siderophile element abundances in the residual mantle relative to chondritic abundances. After completion of core formation, the model supposes that a late carbonaceous veneer delivered biogenic and highly siderophile elements to the Earth. This late veneer was mixed inhomogeneously with the fractionated residue left over after core formation. Part of the deep mantle was isolated early from shallow convection and thus preserved primordial noble gas and highly siderophile element signatures. Allègre and Luck, 1980) . This contradiction disappears (Morgan, 1986) if highly siderophile elements were delivered to the mantle by a late accreting veneer after completion of core formation (Morgan, 1986; Chyba, 1990; Dauphas et al., 2000) . Nevertheless, recent theoretical (Murthy, 1991) and experimental (Li and Agee, 1996; Righter and Drake, 1997; Cottrell and Walker, 2002 ) studies on the high pressure/high temperature partition coefficients of moderately and highly siderophile elements have revived discussion of the idea that the distribution of highly siderophile
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INTRODUCTION
Metal/silicate differentiation was one of the most important events in early Earth history. However, we have a very poor understanding of the underlying mechanisms that governed this segregation (Stevenson, 1990) . Low pressure experiments indicate that highly siderophile elements in the residual mantle left over after core formation should have been much more depleted and fractionated (Jones and Drake, 1986) than is observed (Kimura et al., 1974; Jagoutz et al., 1979;  elements in Earth was governed by metal-silicate equilibrium partitioning in a magma ocean.
Osmium isotope abundances provide precise time-integrated information on Re/Os ( 187 Re → 187 Os + e -+ ν e , λ = 1.666 × 10 -11 a -1 , Smoliar et al., 1996) and Pt/Os ( 190 Pt → 186 Os + α, λ = 1.477 × 10 -12 a -1 , Brandon et al., 1999) ratios. Condensation processes in the protosolar nebula led to a subtle fractionation of the 187 Re/ 188 Os ratio which resulted in appreciable variation of the present 187 Os/ 188 Os ratio among the various meteorite classes. This implies that it may be possible to deduce the ultimate source of mantle osmium from its isotopic composition (Morgan, 1985; Meisel et al., 1996; Walker et al., 2001) . Analysis of fertile lherzolites suggests that the 187 Os/ 188 Os ratio of the primitive upper mantle that has not experienced melt extraction is 0.1296 ± 0.0008 . This value, first proposed by Meisel et al. (1996) , has been confirmed by numerous recent studies of lithospheric peridotite suites (McBride et al., 1996; Handler et al., 1997; Peslier et al., 2000; Reisberg et al., 2000; Snow et al., 2000; Meisel et al., 2001; Reisberg et al., 2001 ) and thus represents a firm estimate of the primitive upper mantle osmium composition. The 187 Os/ 188 Os ratio of carbonaceous chondrites averages 0.1260 ± 0.0021 . Some have argued that the difference between the osmium isotopic compositions of carbonaceous meteorites and the primitive upper mantle indicates that the highly siderophile elements in the mantle were not derived from carbonaceous chondrites (Meisel et al., 1996 Walker et al., 2001) . However, dynamical modelling of early solar system evolution (Morbidelli et al., 2000) indicates that Earth's feeding zone extended with time to larger heliocentric distances, so that during the late accretionary stage our planet was impacted mostly by carbonaceous asteroids and comets. Knowing whether the Earth was impacted by ordinary or enstatite chondrites Walker et al., 2001; Morgan et al., 2001) rather than carbonaceous chondrites is crucial to our understanding of the emergence and early evolution of life on Earth (Chyba, 1992; . If the Earth was impacted by carbonaceous asteroids and comets, then biogenic elements and prebiotic molecules could have been delivered to the Earth by the late accreting veneer (Chyba and Sagan, 1992; . Otherwise, they must have been inherited from Earth forming planetesimals. This latter possibility poses a difficulty as oxygen (Clayton et al., 1984) , chromium (Shukolyukov and Lugmair, 1998) , and molybdenum isotopic data suggest that these planetesimals shared similarities with enstatite chondrites (Javoy, 1998) . Material of this composition could not provide the volatile content currently observed on Earth. In the present contribution, our main aim is to show that the osmium signature of the mantle is reconcilable with a carbonaceous late veneer.
RESULTS AND DISCUSSION
If carbonaceous chondrites are representative of the late veneer, then why does the fertile upper mantle have a slightly but significantly different Os isotopic ratio? An appealing possibility (Walker et al., 1997a, b; O'Neill and Palme, 1998) is that the late carbonaceous veneer was mixed with the fractionated residue left over after coremantle segregation (Fig. 1) . The two mass-balance equations that formalize this idea are [X] Os ratio of the shallow mantle is taken as 0.1296 ± 0.0008 , the 187 Os/ 188 Os ratio of carbonaceous chondrites averages 0.1260 ± 0.0021 , and the initial solar system 187 Os/ 188 Os ratio is 0.0953 ± 0.0013 (Chen et al., 1998) , thus the Re/Os fractionation factor f s
Re of the shallow mantle after addition of the late veneer, assumed to occur soon after core formation at ~4.5 Ga (Allègre et al., 1995) , is calculated to be 0.12 ± 0.08. Combining all of these estimates results in the following relationship between D Re and D Os (uncertainty is 2σ and was calculated using Monte-Carlo simulation),
D Os is necessarily positive implying that D Re must be higher than ~0.7 × 10 -4 . The distribution of highly siderophile elements in the silicate Earth is not uniform as shown by the variable osmium isotopic compositions of mantle rocks. Much of the variation in 187 Os/ 188 Os ratios of mantle volcanics is undoubtedly caused by the recycling of ancient oceanic crust (Hauri and Hart, 1993) . However, in certain plumes, the high 187 Os/ 188 Os ratios are coupled with high 186 Os/ 188 Os ratios, reflecting a source with longterm elevated Re/Os and Pt/Os ratios (Walker et al., 1997a; Brandon et al., 1998 Brandon et al., , 1999 . Unrealistically high proportions of oceanic crust would be required to explain the highest 186 Os/ 188 Os ratios (Brandon et al., 1999) . Furthermore, recycling is unlikely to produce the observed correlation between 187 Os/ 188 Os and 186 Os/ 188 Os ratios (Brandon et al., 1999) .
Several authors have proposed a different explanation for the high 186 Os/ 188 Os ratios, namely that they reflect Os added to the lower mantle from the evolved outer core. This reservoir is thought to have a high Pt/Os ratio, and thus a high 186 Os/ 188 Os ratio (Walker et al., 1995 (Walker et al., , 1997a Brandon et al., 1998 Brandon et al., , 1999 . This model, though intriguing, may also present some difficulties. Addition of outer core material may shift the Pb isotopic composition away from the northern hemisphere regression line, which is not observed (Widom and Shirey, 1996) . Simple addition of metal from the outer core would raise the PGE content of the lower mantle to unrealistically high levels (Puchtel and Humayun, 2000) and would be expected to lead to high Re/Yb ratios, which again are not observed (Hauri and Hart, 1997; Righter and Hauri, 1998) . Simple addition of metallic iron also may not be compatible with the f O 2 of the lower mantle (Righter and Hauri, 1998) . None of these objections is fatal to the core-derived Os model. For example, the effect of core addition on the Pb budget depends on the Pb concentration of the core, which is model dependent (Widom and Shirey, 1996; Allègre et al., 2001) . In order to get around the problem of overly high PGE contents, Puchtel and Humayun (2000) suggested that the Os isotopic composition of the outer core is imprinted on the lower mantle by Os isotopic equilibration at the core-mantle boundary, rather than by simple physical admixture. Thus, mechanisms may exist for getting Os from the outer core into the deep mantle. However, these mechanisms are complex, leading us to wonder whether a simpler alternative exists.
In line with the interpretation we advocated for the shallow mantle, we propose an alternative explanation for the coupled enrichment in 187 Os and 186 Os of certain plumes (Fig. 1 ). Rare gas systematics indicate that parts of the deep mantle have remained largely isolated since very early in Earth history (Kurz et al., 1982; Honda et al., 1991; Marty et al., 1998) . It seems likely that such regions would have assimilated smaller proportions of the late veneer than the shallow mantle, and thus may have partially retained the fractionated highly siderophile element pattern inherited from the metal/silicate segregation event (Walker et al., 1997a, b; O'Neill and Palme, 1998 ). This view is in accord with recent "lava lamp" models of the Earth's mantle (Kellogg et al., 1999) , in which convective isolation of deep and shallow mantle reservoirs is stabilized by a minor density difference. For the sake of simplicity, we shall consider that the highly siderophile element contribution of the residual mantle left over after core formation [X] r is constant although we realize that this may not be true because partition coefficients vary with pressure and temperature. We consider instead that the contribution of the late veneer [X] l varies between the deep and shallow mantle. If we assume that the deep mantle behaved as a closed system since the time of its formation then it is straightforward to demonstrate, applying mass-balance equations at the time of core formation for 187 Re and 188 Os in the shallow mantle and for 187 Os/ 188 Os ratios of the deep mantle are taken to be 0.1198500 ± 0.0000068 and 0.1364758 ± 0.0000095 respectively from the most extreme sample (Hualali) of the Hawaiian trend (Brandon et al., 1999) , the 186 Os/ 188 Os ratio of carbonaceous chondrites is estimated to be 0.119831 ± 0.0000061 (Allende meteorite) (Walker et al., 1997a) , and the 190 Pt/ 188 Os ratio of Allende is 0.0016 ± 0.0001 (Jochum, 1996) (Schiano et al., 1997) ? A simple answer is that core formation depleted the residual silicate Earth in sulfur, as well as in HSE (Morgan, 1986; Li and Agee, 2001a 
CONCLUSIONS
Based on the osmium isotopic composition of the mantle, we estimated that D Re and D Pt must be higher than 0.7 × 10 -4 and 3.5 × 10 -4 , respectively. Recent experimental studies do not favor such high values for D Re (Ertel et al., 2001 ) and D Pt (Holzheid et al., 2000) compared with D Os (Borisov and Walker, 2000) but further experimental work is needed before a definitive answer can be given to this long-standing problem. Indeed, it was recently suggested that the abundance of moderately siderophile elements in Earth's mantle was set by equilibrium partitioning at model pressures (40 to 60 Gpa) and temperatures (2000 to 4000 K) much higher (Gessmann and Rubie, 2000; Li and Agee, 2001b) than those investigated by partitioning experiments of highly siderophile elements (Borisov and Walker, 2000; Holzheid et al., 2000; Ertel et al., 2001) . One might also question whether metal segregated from silicate at uniform pressure and temperature. If not, HSEs partition coefficients must be integrated over the complete liquid column and knowledge of HSE behavior at all pressures and temperatures existing between the surface and the core-mantle boundary is necessary. One particular problem complicating the interpretation of experimental results is the frequent presence of HSE micronuggets in the silicate glass phase. While some authors (Ertel et al., 2001 ) view these as experimental artifacts that must be avoided, a very recent study (Cottrell and Walker, 2002) suggests that these micronuggets may in fact be quench products. If true, then the silicate/metal partition coefficient of platinum and rhenium may be several orders of magnitude higher than conventionally assumed. Finally, it must be stressed that the behavior of HSEs in multicomponent natural systems is extremely complex and poorly understood, and trace phases, HSE molecular clusters (Tredoux et al., 1995) , and non-equilibrium partitioning may play important roles (Ballhaus and Sylvester, 2000) . The late accreting veneer probably contributed a significant fraction of the hydrogen, carbon, nitrogen, sulphur, selenium, and tellurium in our planet because the level of depletion of these elements in Earth's shallow mantle relative to carbonaceous chondrites is comparable within a factor of ten to that of highly siderophile elements (McDonough and Sun, 1995; . If the late veneer was not fully homogenized in the whole mantle, then isotopic and elemental stratification of the silicate Earth for some of these elements should be observable, which seems to be the case (Deloule et al., 1991; Dauphas and Marty, 1999) .
Thus fractionation of highly siderophile element ratios in the silicate Earth by core formation, followed by inhomogeneous addition of a carbonaceous late veneer, may explain many aspects of the siderophile and volatile budget of the mantle. This model makes specific predictions about Re, Os, and Pt partition coefficients. These predictions will become testable as our knowledge of core formation conditions increases, and as experiments capable of predicting highly siderophile element behavior under those conditions become possible. Given our current level of understanding of HSE partitioning behavior, the osmium isotope systematics of the mantle does not preclude the possibility that the late veneer was composed mainly of material similar in composition to carbonaceous chondrites. 
The Re/Os fractionation factor in the shallow mantle after core formation and late veneer addition is defined as, This factor can be calculated using osmium isotopes, 
